Introduction
Research focused on the development and characterization of shape memory alloys (SMA) has enabled advanced applications utilizing their unique shape memory (SM) and superelastic (SE) properties [ ]. 1 10 -
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The widely studied, and commercially available, NiTi based compositions continue to be the materials of choice in the development of practical applications due to their large transformation strains, high slip resistance, and good functional properties under cyclic loading conditions [ ]. However, the cost associated with manufacturing NiTi 11 14 and the high sensitivity to composition variation prevents a wider adoption and use of this class of shape memory materials in structural applications. The development of Fe-based, or ferrous SMAs, has been motivated by the need for a cost-effective SMA with more commercially attractive processing routes [ , , ] . Various alloys have been pro-3 15 16 posed such as the FeNi, FeMn, FeMnSi, FeNiCoTi, FePd and FePt based compositions [ , 1 17] . However, obtaining the desirable room temperature superelasticity has been a challenge in the aforem entioned Febased SMAs. Recent efforts fo cused on FeNiCoAlX (where X is either Ta or Ti) and FeMnAlNi compositions are of particular interest and several studies have reported large superelastic and recoverable strains at room temperature [18] [19] [20] [21] [22] . A major drawback, however, is the degradation of superelastic properties under cyclic loading condition (i.e., functional fatigue) [ , ] . A phenomenon that has been primarily 16 23 attributed to pinning of the martensite interface boundary which prevents complete reversibility and results in the accumulation of residual strains with continued loading [ ]. The rate of degradation in SE prop-16 erties and the accumulation of residual strains are in uenced by the fl loading level (i.e., total applied cyclic strain) and aging heat treatment. This work is focused on studying the functional fatigue properties of single crystalline Fe 42.5 Ni 30 Co 15 Al 10 Ti 2.5 (at.%) Fe-based SMA. Through the use of local and full-eld deformation measurements, the work profi vides a quantitative assessment and further insight into the degradation of superelastic strains for samples subjected to different heat treatments and cyclic loading conditions. The FeNiCoAlTa Fe-based SMA, rst reported by Tanaka et al., unfi dergoes a reversible fcc (austenite) to bct (martensite) stress-induced phase transformation [ ]. With proper control of texture ( , 100 21 i.e. 〈 〉 textured polycrystalline) and aging treatment, large critical transformation stresses ( 1000 MPa) and large transformation strains on the order N of 13% were reported. Aging heat treatments are typically required in this class of alloy, and in Fe-based SMAs in general, to introduce pre-γ′ cipitates which are essential for inducing reversible martensitic transformation, and therefore superelasticity [ , , ]. In the case of 19 22 24 28 FeNiCoAlTi, the aging treatments introduce ordered L1 2 γ′ precipitates (5-10 n m diameter) and (FeNiCo) 3 (AlTi) chemical composition into the austenite matrix [29] . As the aging treatment and the resultant precipitation process is time and temperature dependent, a proper optimization of the heat treatment parameters is essential to prevent excessive precipitation (note that the precipitates do not undergo transformation) or the formation of large precipitates which would degrade ductility and induce a brittle response. Previous work considering FeNiCoAlX (where X = Ta or Ti) have reported reversible martensitic transformation and superelastic properties with aging treatments conducted at temperatures ranging from 600 to 700°C. The aging duration varies significantly between the two compositions (i.e., alloying FeNiCoAl with Ta or Ti) with the lighter Ti atoms allowing for shorter aging times (1-4 h) compared to the heavier Ta (up to 90 h) [ , 24 25, ] . This particular as-30 pect has sparked additional interest in the FeNiCoAlTi based SMA. Although several studies have reported extensive experimental analysis of the superelastic properties of FeMnCoAlTi SMA, including works considering single crystals [25, , 29 31] , quantitative assessment of the functional fatigue properties under c yclic loading remains limited. This particular aspect will be a subject of investigation in this work utilizing Fe 42.5 Ni 30 Co 15 Al 10 Ti 2.5 (at.%) single crystals. The selection of single crystal samples, as opposed to polycrystalline, is primarily motivated by the tendency of the polycrystalline material to develop precipitates at grain boundaries thus limiting superelasticity and causing an undesirable crystal orientation was selected, the , which has the largest magni-〈001〉 tude of strain recovery based on theoretical calculations.
Different aspects control the SE response in Fe-based SMAs including the material phase prior to loading (should be austenite), the dispersion of precipitates, and the austenite resistance to slip [ ]. Unlike NiTi, γ′ 32 the separate assessment of all of these contributing factors is challenging in Fe-based SMAs. For example, differential scanning calorimetry (DSC) can be easily used to determine the transformation temperature in NiTi. Such measurements in Fe-based SMAs are not possible and researchers resort to different approaches such as resistivity or magnetization measurements [ , ] . Isobaric ( , consta nt stress loading 21 24 i.e. with temperature cycling) have also been used, however, the results are stress dependent [ , ] . The dynamic mechanical analyzer 29 33 35 -(DMA) enables similar measurements by capturing the change in material stiffness following phase transformation. Multiple studies have utilized the DMA to evaluate the shape memory properties and phase transformation temperatures in NiTi, including comparison with DSC results [36 38 -] . As for the γ′ nano-scale precip itates, its well documented that their presence is essential to obtain a thermo-elastic martensi tic transformation ( , superelasticity). The hardenin g induced i.e. by the presence of these precipitates affects not only the austenite slip resistance but can also, as will be shown in this work, alter the critical martensitic transformation stress. Therefore, a proper assessment and control of the amount of dispersion and size of the precipitates is of γ′ great importance, however, requires extensive analysis usi ng techniques such as TEM and tomography [ , ] . The collective impact of 24 33 all of these contributing factors is typically captured at the macroscale in the form of a stress-strain curve. In the case that no superelasticity is observed, assessing the cause becomes a formidable task based on macro-scale measurements only. The use of local and full-field strain measurements provides additional insight into the problem and can guide optimization efforts. For example, plastic deformation in the austenite phase and non-reversible martensitic phase transformation will have similar macro-scale response ( , stressi.e. strain curves), however, the local strain elds will differ signi cantly. fi fi In this work, fu ll-eld measurements using digital image correlation fi (DIC) were utilized to unambiguously differentiate between plastic slip dominated deformation and phase transformation. By locall y assessing the plastic strain eld, the lack of supere lasticity for some fi samples was attributed to improper aging treatment resulting in slip resistance that is lower than th e critical transf ormation stress. The approach has helped explain the lack of superelasticity in the macroscale measurements and has facilitated optimizing the aging treatment conditions to obtain the desirable room temperature superelasticity.
In summary, the superelastic deformation response of single crystalline FeNiCoAlTi Fe-based SMA was investigated in this study under differen t loading conditions with focus on the functional f atigue properties. The 〈001〉 orientation was selected as it provides the largest magnitude of theoretical transformation strains (8.7% in tension) [ ].
21 Samples were subjected to various aging heat treatment to optimize the room temperature superelastic strains. Through the use of local and full-eld deformation measurements, the lack of superelasticity fi for some heat treatments was explained based on the difference in the local deformation fields for samples undergoing reversible phase transformation and samples exhibiting no SE strain recovery. We nally profi vide quantitative insight into the functi onal fatigue properties for samples subjected to different levels of deformation (3% and 4.5% total cyclic strain) and different aging treatments (600°C for 180 min and 200 min). In particular, the rate of degradation in SE strains and the accumulation of residual stra ins were evaluated under cyclic loading conditions. brittle behavior. In addition, it is well known that the magnitude of the recoverable SE strains is grain orientation dependent. As this aspect is not a subject of investigation in the current study, only one singl e Single crystalline ingots of Fe 42.5 Ni 30 Co 15 Al 10 Ti 2.5 (at.%) were grown using the Bridgman technique in a helium atmosphere. The ingots were subjected to a 33 h homogenization heat treatment at 1285°C prior to cutting samples using electric discharge machining. Dogbone tensile samples with 1.5 mm × 3 mm gauge section were machined with the loading axis aligned with the 001 〈 〉 crystallographic direction. Samples were subjected to various aging heat treatments at temperatures ranging from 500 to 600°C. All treatments were conducted in air and terminated with quenching in water. To prepar e samples for full-eld DIC fi measurements, the surface of each aged specimen was polished using SiC paper to remove any surface scratches. A ne black paint speckle fi pattern was applied using an airbrush.
Materials and methods
Deformation was performed using an Instron servo-hydraulic load frame with loading conducted in strain control with an average strain rate of 10 3 s 1 (usi ng a 5 mm gaug e length extensometer) and unloading in load control. For samples deformed at room temperature (RT), DIC reference and deformed images were captured covering approximately a 5 mm × 3 mm region of interest with an imaging resolution of (~4 m/pixel). During deformation (loa ding and unload ing), optical images were captured every 2 s. As explained in the introduction, the focus of this study is on the superelastic response of the single crystalline Fe-based SMA FeNiCoAlTi. A schematic detailing all the experimental parameters which describe the SMA superelastic response is presented in . The stress points Fig. 1 f and r point to the critical forward and reverse transformation stresses, respectively. The total applied strain during loading ( total ) is broken down into a recoverable ( recoverable ) and irrecoverable or residual strain ( residual ) components. The total strain recovery includes the superelastic strain ( SE ) and the recoverable elastic strains. Fig. 2a shows the stress-strain response for different single crystalline samples subjected to various aging heat treatments. The loading direction for all the specimens was along the 10 0 crystallographic 〈 〉 direction which, as explained in the introduction, has the largest magnitude of theoretical transformation strains. After 60 min of aging treatment at 600°C, the stress level as observed from the stress-strain curve has increased from around 400 MPa for the as-grown conditions ( , homogenized and without any aging treatment) to~800 MPa.
Results and analysis
i.e. The stress increase is associated with the anticipated, and desired precipitation process, however, no superelasticity was detected. By increasing the aging treatment time from 60 min to 180 min, the strength increased fu rther and a clear superelastic response was observed. At 200 m in aging time (on ly 20 min increase), further ampli cation in fi strength was observed and the samples continued to exhibit good SE behavior. Slight modifications to the aging time beyond 200 min caused very high stress levels and brittle fracture prior to macro-scale plasticity or superelasticity. A similar brittle behavior was also observed for higher temperature aging treatments (i.e., 700°C -not shown in Fig. 2 ). Samples subjected to lower temperature aging treatments ( , 500°C as e.g. shown in ) did not exh ibit superelasticity despite the st rength Fig. 2 increase.
As explained in the intr oduction, full-eld strain measurements fi using DIC can provide further insight into the local deformation and, therefore, help explain the lack of SE behavior for some samples. A representative contour plot displaying the normal strains ( , along the i.e. 〈 〉 100 loading direction) for a sample undergoing reversible SE deformation is shown in Fig. 2b . The DIC contour plot captures the activation of 3 different martensite variants (marked as V1 , V2, and V3 in b) Fig. 2 which is expected for this crystal orientation under tensile loading conditions. The martensitic transformation in this alloy, fcc austenite to bct martensite, follows the Bain cubic to tetragonal deformation and can be accommodated by three martensite variants as described in detail in [18, ] . The twining plane for such transformation belong to the {110} 21 plane and will, therefore, generate significantly different traces on the sample's surface compared to slip on the {111} planes [ ]. For compar-26 ison, the contour plot obtained from a non-transforming sample is shown in c. Clearly both contour plots in Fig. 2 Fig. 2b and c show a very different local behavior. The strain bands in the non-transforming sample match the traces of the {111} planes (see also ). The con- Fig. 3 tour plot shown in c was obtained following a 500°C aging treat- Fig. 2 ment, however, as-grown samples and the sample aged for 60 min only at 600°C exhibited a similar response. Since the crystal structure in the austenite phase is fcc, this suggests, based on the local DIC results, that the samples showing no SE strains did not exhibit noticeable martensitic transformation (neither reversible nor non-reversible) and the deformation was dominated by plastic slip on the {111} fcc slip planes. The Schmid factors for the 12 possible fcc slip system s are shown in Fig. 3a . Activation of multiple slip systems is expected with possible trances from all slip planes. Although the exac t number of activated slip systems is hard to determine based on such analysis, it is easy to conclude slip mediated plasticity by matching the expected slip plane traces ( b) with the strain bands obtained from DIC measurements Fig. 3  (Fig. 2c) . Its noted that the expected traces for martensitic transformation are of the {110} [ ] type which will generate completely different 24 traces on the samples' surface as shown in b and experimentally in Fig. 3  Fig. 2b .
Based on the previous results, it is concluded that the deformation in the absence of superelasticity is dominated by plastic slip on the {111} fcc slip planes. The precipitation process induced by aging altered the slip resistance (compare as-grown response to 60 min aging in Fig. 2a) as well as the critical transformation stress (compare 180 min to 200 min aging in Fig. 2a ). Therefore, a careful optimization of the aging treatment parameters is required to alter both stresses ( , slip i.e. resistance and c ritical transformation stress) such that they are in the correct range where the slip resistance ends up exceedin g th e transformation stress, thus resulting in SE reversible martensitic transformation.
As reported in , samples subjected to a 180 min aging time ex- Fig. 2 hibited superelasticity at RT. Loading at lower deformation temperatures is expected to display similar SE behavior as long as the deformation temperature is higher than the martensite transformation temperature (M s ). The stress-strain curves presented in a reveal SE Fig. 4 strains and high levels of recovery between RT and 50°C deformation temperatures. However, once loading was conducted at 100°C, a degradation in the SE strains was observed with signi cant accumulation of fi 
using phase transformation temperatures was not possible. Fig. 4b presents the storage modulus and tan delta which were ob tained by conducting a temperature sweep using th e DMA on a 180 min aged specimen and as-grown samples. A drop in the storage modulus, and an increase in tan delta, took place around 100°C which suggests that M s 100°C. The DMA data provides further evidence that the degradation in SE strains observed at 100°C was associated with excessive temperature drop inducing the formation of non-transforming, temperature induced, martensite phase.
For samples exhibiting no superelasticity at RT (e.g., following aging for 60 min, which revealed slip dominated plasticity at RT as shown in Fig. 2a) , SE response can be induced at lower deformation temperatures due to the expected drop in the critical transformation stress ( f ) and increase in the slip resistance with temperature decrease (see d). Fig. 4 The stress-strain curves presented in c reveal SE strains starting Fig. 4 at 4°C deformation temperature and down to 100°C. It is nally fi worth noting that lowering the deformation te mpera ture, down to 50°C, for as-grown samples (i.e., no aging treatments) did not cause any superelastic properties and the stress-strain curves exhibited typical plastic response with incremental strength increase with each deformation temperature drop.
For a proper quantitative understanding of the functional fatigue properties of superelastic SMAs, it is important to investigate the global as well as the material response. a reports global, and local local stress-strain curves for a single crystalline FeNiCoAlTi sample exhibiting SE properties. The strains calculated to construct the curve rep-"Global" resent the DIC eld averages in the entire region of interest as outlined fi in Fig. 5b . The Local " " curve was plotted using the localized strains in a small region of interest having the highest strain magnitudes in the DIC eld. The global average response, which is equivalent to extensomfi eter measurements, points to full recovery following unloading with no accumulation of residual deformation. However, the loc al response displayed two notable differences; the magnitude of the local strains exceeded the global average by at least a factor of 3 (reaching 7% locally for 2% applied average strain), and a nite accumulation of residual and fi irrecoverable strains was detected. This observation of local accumulation of residual strains can also be visualized using the full-field contour plot of the normal DIC strains (i.e., along the loading direction) following complete unloading as shown in d. It is important to emphasize Fig. 5 that despite the seemingly complete recovery from the global measurements, at the macro-scale, local accumulation of residual strains took place.
As discussed previously, the aging treatment had a signi cant imfi pact on both; the austenite slip resistance and the critical forward transformation stress. The desirable superelastic behavior was only achieved in two of the considered aging treatments, namely the 180 min and 200 min aging times, both at 600°C. Although both samples exhibited SE strains, the strength of the sample subjected to the 200 min treatment was, as expected, higher compared to the sample exposed to 180 min of aging only. It is easy to explain the increase in strength based on the higher volume fraction of precipitates which is expected for the slightly longer aging treatment. However, it remains unclear how the local response will be affected, in particular, the accumulation of local, and eventually global, residual strains with continued loading and at higher levels of imposed deformation. To shed further insig ht into the effects introduced by aging in the SE re gime, two samples with different aging conditions (i.e., 180 min and 200 min) were incrementally loaded up to 7% global strain and unloaded. The incremental loading curves for the 180 min aged sample and 200 min sample are presented in , respectively. The evolution of residual strains Figs. 6 and 7 and recovery levels for all the loading cycles (shown in Figs. 6b and 7b) do not point to any discernable difference between the considered aging conditions even thou gh a wider hysteresis is observed for the longer aging time.
The full-field DIC contour plots shown in were captured at Figs. 6-7 the maximum stress and following unloading for ea ch of the deformation cycles. It is noted that multiple martensite variants were activated in all cases and at all loading levels and that their volume fraction increased at higher applied strains. Despite the formation of multiple variants of martensite, the deformation elds were primarily fi dominated by only one as observed by intense strain band formation along one di recti on. Both samples shared this feature, however, the dominating martensite variant differed. The local variation in the stress field which is associated with different precipitation size and volume fraction may have contrib uted to such dissimilar behavior. The fullfield contour plots captured at the unloaded states point to the magnitude, and location of residual strains. By co mparing the DIC contour plots with the corresponding results obtained at the maximum applied stresses, it is noted that the spatial locations for residual strain accumulation do not necessarily coincide with the locations of maximum applied strains. Further discussion of the implication of this observation is provided in Section 4.
The results presented thus far for the 180 min and 200 min aging treatments point to an insigni cant difference in the macro-scale SE fi strains and average recovery properties. However, the critical transformation stress, stress hysteresis (Figs. 6a and 7a) , and the local SE strains ( , the dominating martensite variant) differed for the considered i.e. aging times. As one of the aim s of this work is to bet ter understand the functional fatigue properties of the Fe-based SMA under investigation, it is important to analyze the stability of the SE strains under cyclic loading conditions and how the different heat treatments affect the functional fatigue properties of this alloy at different levels of loading. Fig. 8a reports the cyclic stress-strain response for a FeNiCoAlTi sample subjected to a constant 3% applied average strain for 20 cycles. The evolution of the total average strain ( ), SE stra in ( ), and res idual strain ( ) are shown in b. A clear degrada tion in the SE Fig. 8 strains is observed in the rst 10 cycles followed by a sharp drop and fi an accelerated rate of degradation in SE properties due to the buildup an accelerated buildup of residual strains. As pointed previously, local accumulation of residual strains takes place even with seemingly insignificant levels of average residual strains at the macro-scale (see ). of residual strains. Similar trends were observed at higher levels of applied strain (i.e., 4.5%) as reported in c Fig. 8 -d 
The clear degrada tion in the magnitude of SE strains (sh own in Fig. 8 ) was induced by the incremental accumulation of residual strains during cyclic loading. The full-field strain measurements provide an accurate assessment of the level, and spatial location, of residual strain accumulation. However, the micros tructural aspects associated with permanent shape change require further investigation. a shows Fig. 9 an SEM micrograph of the fatigued sample's surfa ce discussed in Fig. 8c . Following 20 cycles of cyclic loading at 4.5% applied strains, the SEM image reveals the accumulation of residual martensite. The observed variants (V1-V3 as marked in a) match the localized strain Fig. 8 bands associated with martensite transformation (a representative DIC contour plot is shown in b). These observations highlight that the Fig. 8 source of residual strain accumulation was the associated with the buildup of non-transforming residual martensite.
The cyclic stress-strain response for the FeNiCoAlTi samples aged for 180 min, which is the second aging treatment being considered for functional fatigue properties, is shown in . The sample subjected Fig. 10 to 3% applied strain exhibited minimal accumulation residual strains initially, however, a transition took place around the 10th cycle with results obtained from the 200 min aging times. However, the complete loss of superelastic properties, as shown by the essentially elastic stressstrain curves in Fig. 9a and c at cycle 20 (i.e., elastic shakedown), was not reached for the 180 min aged samples.
The evolution of residual strains and the associated degradation in superelastic strains under cyclic loading condition differed for the two aging conditions and loading levels discussed in Figs. 9-10. For a better quantitative evaluation, we focus on the rst few cycles prior to the infi flection and sharp spike in residual strain which was observed around the 10th fatigue cycle.
shows a comparison between the mea- Fig. 11 sured macro-scale residual strains for the 180 min and 200 min aging treatments, both with two cyclic loading levels 3% and 4.5%. A summary of the residual strain accumulation rate, ε residual , which is defined using the slope as shown in Fig. 11a , is presented in Fig. 11b . The strain accumulation rate for both aging treatments experienced an increase at 4.5% loading level compared to 3%. However, it is noted that the sample aged for 180 min and subjected to 3% cyclic strain experienced a significantly lower accumulation rate compared to all other samples.
Discussion
The development and optimization of Fe-based shape memory alloys has a great potential to provide cost-effective alternatives to NiTi, thus allowing a wider range of applications utilizing their unique shape memory and superelastic properties. The results presented in this paper illustrate considerable promise of FeNiCoAlTi alloys, one of the Fe-based SMA compositions currently being explored, to achieve superelasticity upon optimization of aging heat treatment. In addition, the work provides a deep insight into the functional fatigue response of this class of alloys when subjected to cyclic loading. In particular, the notion of plastic ow limiting functionality is explored further fl with cyclic tests showing dramatic reduct ion of superelastic strains upon accumulation of irrecoverable plastic strains.
The results presented in this work t the pattern of Fe-based SMAs fi being limited by plastic ow. Previously there were two problems fl with iron-based SMAs. The rst has been the very large stress hysteresis fi (FeNiCoTi and FeMnSi) which precludes the occurrence of superelasticity. The second is the role of plastic deformation curtailing a challenge for FeNiCoAlTi SMAs. Under cyclic loading conditions, significant degradation in SE strains took place, particularly beyond the 10th loading cycle as shown in . The low levels of irrecoverable strains at clearly highlight SE behavior with insigni cant residual strains based fi on typical global measurements. However, the full-field and local strain measurements point to a nite accumulation of irrecoverable strains, fi locally. T he gradual buildup of these local strains eventually results in measurable accumulation, globally, and loss of functionality with continued loading. Plastic ow certainly plays a signi fl ficant role in this process due to the large transformation shear (mis t strains) that occur at fi interfaces a nd the accumulation of dislocations which act to pin the martensite phase boundary and prevent reverse transformation, thus resulting in the gradual buildup of residual martensite (see SEM micrograph in a). In addition, the activation of multiple martensite vari- Fig. 9 ants, and their interaction, also affects the local plastic strain accumulation resulting in further degradation of SE properties.
The rate of irrecoverable plastic strain accumulation varies, as expected, with the magnitude of imposed cyclic strain. The aging treatment and the resulting precipitation content is also a contributing factor affecting the functional fatigue response as shown in Figs. 8 and  10 . Th e formation of resi dual martensite in the vicinity of nanoprecipitates has been reported to degrade the cyclic stability of FeNiCoAlTa SMA [ ]. A similar impact for the precipitates is ex-16 γ′ pected in the case of FeNiCoAlTi SMA considered in this work. However, despite having an impact on the total SE strain degradati on, the rst fi order effects is still expecte d to be related to plasticity at the martensite-austenite interface and due to the formation of intersecting multiple variants of martensite. The fact that plastic strain accumulation rates under different loading conditions and different aging treatments, and thus precipitation, were similar in the rst few cycles ( b) supfi Fig. 11 ports this conclusion.
Conclusions
The work supports the following conclusions: the shape memory effect. With the introduction of Al as an alloying element and the process of precipitation, the current alloy has overcome the superelasticity limitation of earlier alloys. It has been well documented that the presence of these non-transforming nanoprecipitates promotes reversible martensitic transformation by increasing the critical stress for slip [ , , , ] . However, as reported and 19 27 31 39 discussed in the current work, the forward martensite transformation stress is also altered and increased but at a different rate compared to slip resistance. A proper optimization and control of the precipitation process, through aging treatments, is crucial to introduce sufficient increase in slip resistance with acceptabl e levels of transformation stresses. Introducing this gap between these two stress levels (with the transformation stress being lower than the critical slip stress) is conducive to martensitic transformation and superelasticity. Recent studies have focused on assessment of slip resistance in shape memory alloys [13] . It was demonstrated that slip resistance is stress-state and crystal orientation dependent and need to significantly exceed the transformation stress levels for full superelasticity and shape memory to be realized. In the case of FeNiCoAlTi alloy investigated in this work, despite being able to achieve transformation stresses that are lower than slip levels, achieving a signi cant gap between the two stresses was chalfi lenging through precipitation ( , requires longer aging times to i.e. widen the gap between slip and transformation stresses) and was eventually limited by brittle behavior at longer aging times or higher aging temperatures.
Despite exhibiting the desirable room temperature superelasticity with recoverable strains of up to~8%, the functional behavior remains tion exhib it superelastic response at RT following precipitation heat treatment. In the absence of such heat treatment, slip mediated plasticity commences at relatively low stress levels that are less than the critical martensitic transformation stress.
2-A proper optimization and control of the precipitation process, through aging treatments, is crucial to introduce suf cient increase fi in slip resistance with acceptable levels of transformation stresses. Introducing this gap between these two stress levels is conducive to martensitic transformation and superelasticity. 3-Samples optimized for RT superelasticity exhibited similar deformation response at lower temperatures, down to~100°C, at which incomplete recovery was observed. The M s was determined to be around 100°C for this alloy, given the selected heat treatment, which would explain the degradation in SE properties once deformation was conducted at this temperature. 4-Good superelastic properties with large recoverable strains (~7% recoverable strains) and high recovery levels ( 95% recovery) were N obtained from global measurements of deformation. Local measures, however, pointed to nite accumulation of residual strains which fi were not detectable (initially) using global and averaged measures of strain. 5-Under cyclic loading conditions, limited degradation of SE properties took place in the first 10 cycles of loading. However, significant degradation took place with continued loading. The loss of functionality was attributed to the gradual buildup of local irrecoverable strains. A process that has been induced by plasticity at the martens iteaustenite boundary which acts to pin the interface and prevent reverse transformation.
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